We review results on the growth of metastable Ti1-xAlxN alloy films by hybrid high-power pulsed and dc magnetron co-sputtering (HIPIMS/DCMS) using the time domain to apply substrate bias either in synchronous with the entire HIPIMS pulse or just the metal-rich portion of the pulse in mixed Ar/N2 discharges. Depending upon which elemental target, Ti or Al, is powered by HIPIMS, distinctly different film-growth kinetic pathways are observed due to charge and mass differences in the metal-ion fluxes incident at the growth surface. Al + ion irradiation during Al-HIPIMS/Ti-DCMS at 500 C, with a negative substrate bias Vs = 60 V synchronized to the HIPIMS pulse (thus suppressing Ar + ion irradiation due to DCMS), leads to single-phase NaCl-structure Ti1-xAlxN films (x ≤ 0.60) with high hardness (> 30 GPa with x > 0.55) and low stress (0.2-0.8 GPa compressive). Ar + ion bombardment can be further suppressed in favor of predominantly Al + ion irradiation by synchronizing the substrate bias to only the metal-ion-rich portion of the Al-HIPIMS pulse. In distinct contrast, Ti-HIPIMS/Al-DCMS Ti1-xAlxN layers grown with Ti + /Ti 2+ metal ion irradiation and the same HIPIMS-synchronized Vs value, are two-phase mixtures, NaCl-structure Ti1-xAlxN plus wurtzite AlN, exhibiting low hardness (≃18 GPa) with high compressive stresses, up to -3. 
I. Introduction
Metastable NaCl-structure Ti1-xAlxN alloy films with high hardness and high-temperature oxidation resistance are obtained by physical vapor deposition during kinetically-limited lowtemperature growth incorporating dynamic low-energy ion-irradiation-induced mixing in the near-surface region. In conventional dc magnetron sputtering (DCMS), reported AlN kinetic solubility limits in cubic alloys are typically xmax ≃ 0.50 at film growth temperatures Ts = 500 °C, 1, 2 while xmax values up to 0.66 have been reported using cathodic arc evaporation 3 with a substrate bias of -100 V. 4 However, both sets of films exhibit extremely high compressive stresses ranging up to -5 GPa for DCMS 5 and -9.1 GPa for arc-deposited films. 6 There is a large literature on the use of rare-gas ion bombardment of the growing film during low-temperature sputter deposition in order to increase film density, 7, 8, 9 improve film/substrate adhesion via interfacial mixing, 10, 11, 12, 13 enhance crystallinity and control texture through collisionally-enhanced adatom mean free paths, 14, 15, 16 form metastable phases through ion-irradiation-induced near-surface mixing, 17, 18, 19 etc. However, at high ion energies, a steep price is extracted in the form of residual ion-induced compressive stress. 20, 21 Early studies of these effects characterized differences in film growth kinetics as a function of the average ion energy per deposited atom 〈 〉. 22, 23, 24 It was soon realized, however, that 〈 〉, the product of the ion energy Ei and Ji/JMe (the ratio of the accelerated rare-gas ion flux Ji to the deposited metal atom flux JMe) is not a universal parameter for describing the effects of low-energy ion irradiation on film microstructure. 25, 16, 15 In fact, as first shown for the growth of Ti0.5Al0.5N alloys, ionirradiation-induced changes in film microstructure, texture, phase composition, and nitrogen ionto-metal ratio follow distinctly different mechanistic pathways depending upon whether Ei or Ji/JMe is varied, resulting in quite different film properties for the same value of 〈 〉. 25 Clearly , 4 as is now commonly recognized, the kinetic pathway for optimizing the beneficial effects of raregas ion bombardment during film growth while minimizing deleterious effects, is to maintain Ei low (below the lattice displacement threshold, ~ 20-50 eV depending upon the ion and film species involved) while independently increasing Ji/JMe by, for example, magneticallyunbalanced magnetron sputter deposition. 26 The incident ion energy Ei and ion-to-metal flux ratio Ji/JMe are decisive parameters controlling nanostructural evolution during low temperature (< 500 o C; Ts/Tm < 0.3 for TiN)
physical vapor deposition of transition-metal (TM) nitrides by conventional reactive DCMS. 17, 25, 27, 28, 29, 30, 31 The dominant ion species incident at the growth surface during DCMS with N2/Ar gas mixtures optimized to obtain stoichiometric films is typically Ar + , with N2 + and N + both contributing a few percent. 32 , 33 The N2 + /N + ratio increases with increasing N2/Ar fraction, while in pure N2 discharges the dominant ion species is N2 + . 32 For magnetron sputtering, in which anode sheaths are typically ≤ 1 mm (that is, essentially collisionless), the average energy Ei of ions incident at the growing film is Ei = o i E + ne(Vs -Vpl), 25, 27 in which o i E denotes the average energy of ions entering the anode sheath, n accounts for the charge state of the ion, and Vpl is the plasma potential (typically 3-10 V). 26 o i E corresponds to the mean value of the SigmundThompson energy distribution function for sputter-ejected atoms 34 convolved with (i) the probability function for electron impact ionization, 35 and (ii) the probability function for collisions with Ar neutrals between the target and the substrate.
In addition to Ei and Ji/JMe, the average momentum transfer per deposited atom 〈 〉 = i mE 2 × Ji/JMe, 36, 37, 38 as well as the chemical nature of the ion, inert gas vs. metal, are also expected to play an important role in controlling structural evolution. We focus particularly on these latter effects in this review and use, as a model system, metastable TiAlN alloy films with a 5 phase content which is very sensitive to ion irradiation conditions during growth. In order to exploit this fact, hybrid deposition systems in which high-power pulsed magnetron sputtering (HIPIMS) 39 is combined with a conventional dc magnetron (DCMS) have been employed. 40, 41, 42, 43 Two features of HIPIMS render this technique particularly attractive for growth of metastable TM nitride alloys: (i) the ability to ionize up to 90% (depending upon the metal and power level applied per pulse) of the sputtered metal flux, 44 and (ii) the time separation of metal-and gas-ion fluxes at the substrate. 45 HIPIMS/DCMS co-sputtering has also been investigated for obtaining a higher ionization degree of sputtered species without significant loss of deposition rate. 46, 47, 48 In Sec. II, we discuss the results of energy-analyzed mass spectrometry measurements performed to determine ion-energy distribution functions (IEDFs) at the substrate position for Al and Ti targets operated in HIPIMS and DCMS. The distinctly different flux distributions obtained from targets driven in HIPIMS vs. DCMS modes allow the effects of individual metal-ion fluxes, Al n+ vs. Ti n+ (n = 1,2), on film growth kinetics and film properties, to be studied separately. 40 Results for the growth of Ti1-xAlxN films with AlN-concentrations 0.40 ≤ x ≤ 0.74 using different target arrangements, Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS, are reviewed in Sec. III.
Proper selection of the incident metal-ion irradiation (in this case, Al + ions in the Al-HIPIMS/Ti-DCMS target configuration) provides the ability to grow fully-dense single-phase cubic Ti1-xAlxN films with high-AlN concentrations, combining high hardness and low residual stress, all of which are difficult to achieve by either DCMS alone or by cathodic arc deposition. The high flux of Ti 2+ ions present during Ti-HIPIMS/Al-DCMS is detrimental to the properties of metastable Ti1-xAlxN alloys; the resulting high momentum transfer to the growing film surface results in precipitation of softer wurtzite-structure AlN grains.
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The chemical nature of the incident ion, inert gas vs. metal, also plays an important role in controlling film nanostructure evolution. This issue is addressed in Sec. IV using the time domain to apply substrate bias either in synchronous with the entire HIPIMS pulse or just the metal-rich portion of the HIPIMS pulse, during Al-HIPIMS/Ti-DCMS growth of Ti1-xAlxN films with a fixed composition, x = 0.61. 42 Energetic Al + ions cause sufficient lattice-atom displacements to eliminate film porosity, and, as opposed to Ar, are primarily incorporated in lattice sites resulting in low residual stress and single-phase films.
The effects of varying metal-ion energy Ei vs. momentum pi on the nanostructure, phase composition, and stress of Ti1-xAlxN alloys, with x ≃ 0.6, are reviewed in Sec. V. Metal-ion energy is varied selectively by applying a bias, ranging from 20 to 280 V, to the substrate in synchronous with the metal-rich part of the HIPIMS pulse, minimizing the effect of concurrent gas-ion bombardment. 43 The phase composition of TiAlN alloy films, and the resulting mechanical properties, are shown to be determined primarily by the average metal-ion momentum transfer per deposited atom 〈 〉. In the case of irradiation with higher-mass film constituents such as Ti, which have a significant concentration of multiply-charged metal ions, 〈 〉 easily exceeds the threshold necessary to cause precipitation of w-AlN even when no intentional bias is applied.
In Sec. VI, new results are presented showing that the detrimental role of Ti 2+ ion irradiation is also evident in the case of Ti1-xAlxN layers, 0.32 ≤ x ≤ 0.76, deposited from single segmented TiAl targets operated in HIPIMS mode. HIPIMS growth of high-AlN-content metastable Ti1-xAlxN films with high hardness and low residual stress is still possible, but requires precise control of metal ion charge state (1+ vs. 2+).
II. Mass and energy analyses of ions incident at the substrate during HIPIMS and DCMS
Knowledge of the mass, flux, and energy distribution of each ion species incident at the film growth surface is essential for establishing the relationship between plasma process parameters and the properties of resulting thin films. In the case of pulsed-plasmas such as HIPIMS, the time evolution of ion fluxes is also important. Thus, we begin with mass and energy analyses in which the spectrometer orifice is placed at the substrate position (target-substrate separation = 18 cm) facing the target. Ion-energy-distribution functions (IEDFs) are plotted in Figure 1 for Al and Ti targets sputtered separately in both HIPIMS and DCMS modes using Single-phase Ti1-xAlxN alloy films with high AlN concentrations, 0.55 ≤ x ≤ 0.60, and grown in the Al-HIPIMS/Ti-DCMS mode, combine high hardness (H = 30 GPa) with low residual stress ( -0.8 GPa), a set of properties difficult to achieve by either DCMS alone or by cathodic arc deposition, for which high H values are typically the result of high compressive stress which can range from -3.1 (ref.
3) to -9.1 GPa. 6 For DCMS and cathodic arc films, both H and  decrease during post-annealing 53 (or during elevated-temperature applications such as high-speed machining) as residual point defects are annealed out. This does not occur with the Al-HIPIMS/Ti-DCMS Ti1-xAlxN films. In fact, upon post-deposition annealing at 900 °C, Ti0.41Al0.59N film hardness actually increases to 33 GPa due to the formation of coherent cubic AlN via spinodal decomposition. 41 The results achieved during Al-HIPIMS/Ti-DCMS deposition are attributed to a combination of kinetically-limited growth and dynamic near-surface mixing, the latter due predominantly to Al + and Ar + ion irradiation during HIPIMS pulses. The lack of multiplycharged metal ions during Al-HIPIMS/Ti-DCMS deposition means that the average ion energy incident at the film surface during HIPIMS pulses ranges from 62 (Ar + ions) to 72 eV (Al range from 350 to 410 GPa. However, with increasing x, the mixing enthalpy also increases and, at x > 0.65 the driving force towards decomposition overcomes dynamic near-surface ion mixing effects and wurtzite-structure AlN precipitates out of solution.
In contrast, with Ti-HIPIMS/Al-DCMS, two-phase Ti1-xAlxN films are obtained at all compositions. The layers exhibit low hardness with high compressive stress. This dramatic difference in film properties compared to Al-HIPIMS/Ti-DCMS is primarily due to the presence of an intense flux of doubly-ionized Ti 2+ ions (JTi 2+ /JTi + = 0.42 during the most energetic phase of the high-power pulse), with a mean ion energy greater than 140 eV due to the 2× energy gain of doubly-charged ions under the applied substrate bias, Vs = 60 V. The resulting momentum transfer per deposited atom (see Section V) is more than enough for creation of the high density of residual defects 17, 54 observed as speckle contrast in XTEM images and explains the high compressive stress. The defects also serve as nucleation centers for the formation of wurtzitestructure AlN precipitates. As a consequence, both H and E are low, with values close to that of hexagonal AlN, whereas the residual stress is high (2.1-3.5 GPa).
Overall, the results clearly demonstrate that the use of combined HIPIMS/DCMS cosputtering provides enhanced flexibility in tuning the microstructure and physical properties of as-deposited alloy films.
IV. Synchronous substrate biasing to probe effects of gas-ion vs. metal-ion irradiation during Al-HIPIMS/Ti-DCMS
The Gas-ion intensities begin to decrease after 30-40 s. This occurs for two reasons: (i) gas rarefaction stemming from the high thermal and momentum load supplied by the HIPIMS target, 49, 55 and (ii) the fact that the ionization probability of gas species Ar, N2, and N with high IP1 values (15.75, 15.55, and 14.50 eV, respectively) 50 decreases due to an intense flux of sputtered Al atoms with low IP1 (5.986 eV), whose ionization reduces the average electron energy and the intensity of the high-energy tail in the plasma electron energy distribution. As a consequence, from t ≃ 40-100 s into the pulse, Al + is the dominant plasma ion.
The Al + intensity, after reaching a peak at 50 s, begins to decrease due to a corresponding decrease in the discharge current as the plasma becomes power-supply limited.
The Ar + intensity again dominates during the latter half of the pulse, from t ≃ 100-200 s. N2 + and N + intensities do not fully recover due to increased target sputtering rates giving rise to efficient trapping and chemisorption of nitrogen by freshly-deposited Al atoms.
The existence of the metal-ion-dominated phase during high-power pulses, illustrated in Fig. 6 , provides an opportunity to separate metal-ion from gas-ion-induced effects on the microstructure and properties of metastable Ti1-xAlxN alloys. This is realized by synchronizing the substrate bias during film growth by hybrid HIPIMS/DCMS co-sputtering. 42 A 60 V negative substrate bias is applied using three different approaches: (1) the bias is continuous during both HIPIMS pulses and DCMS (100% duty cycle), (2) the bias is applied in synchronous with the full HIPIMS pulse (10% duty cycle), and (3) the bias is applied in synchronous with the metal-richplasma portion of the HIPIMS pulse (3% duty cycle). For the remaining deposition time, in modes (2) and (3), the growing films are at (negative) floating potential Vf ≃ 10 V.
Oscilloscope wave forms, corresponding to all three bias scenarios, are shown in Fig. 6 together with typical XTEM images and SAED patterns obtained from corresponding Al-HIPIMS/Ti-DCMS Ti0.39Al0.61N films. Fig. 6 (a) reveals that mode (1) films consist of small grains (200200-500 Å 2 ) throughout the film thickness, elongated along the growth direction.
This structure results from recurring renucleation due to (i) residual damage from intense Ar at%, and ion-induced defects explain the observed high compressive stress, -4.6 GPa, 42 in which differential thermal contraction stress, 1.6 GPa, upon cooling the sample from Ts, has been accounted for.
The nanostructure of mode (2) Ti0.39Al0.61N layers, deposited using synchronized t = 0-200 s pulsed bias (see Fig. 6(b) ), is similar to that of mode (1) films, but with a larger grain size.
Since there is no applied bias between HIPIMS pulses, resputtering is reduced, and thicker films (1.9 m) are obtained. The correspondingly lower defect densities result in a lower renucleation rate; hence, the average grain size is larger (3001000-1500 Å 2 ) and more elongated in the During the early stages of mode (3) growth, films exhibit a randomly oriented, fine-grain equiaxed structure (200200 Å 2 ) consisting of approximately equal volume fractions of 002 and 111 oriented grains, from which, unlike layers grown in modes (1) and (2), a kinetically-limited 111 preferred orientation evolves. Adatom residence times are longer on the low-potentialenergy, low-diffusivity 111 surfaces, thus the local 111 epitaxial growth is preserved. 27, 30, 56 The residual defect concentration, and hence residual stress (-0.9 GPa), is lower under Al + rather than Ar + ion irradiation since Al is primarily incorporated into the lattice of the growing film, whereas Ar resides in interstitial sites.
Thus, applying a bias synchronized with the metal-ion-rich portion of the HIPIMS pulse opens a new pathway for control of microstructure evolution, allowing low-temperature growth of single-phase metastable alloys with larger grain size, strong preferred orientation, high hardness, and low stress.
V. Metal-ion energy vs. metal-ion momentum effects during Ti 0.4 Al 0.6 N HIPIMS/DCMS
The effects of time-averaged Ti + /Ti 2+ vs. Al + metal-ion energy 〈 〉 and momentum 〈 〉 per deposited atom on metastable Ti1-xAlxN film microstructure, phase composition, and residual stress have been investigated using hybrid HIPIMS/DCMS co-sputter deposition. 43 Sets of Ti1-xAlxN alloy films, with x ≃ 0.6, were grown from Ti and Al targets in Al-HIPIMS/Ti-DCMS and Ti-HIPIMS/Al-DCMS configurations. 40 Energy and momentum transfer due to gas-ion bombardment was minimized by synchronizing the substrate bias to the metal-ion-rich portion of the HIPIMS pulse, and the effects of Ti and Al ion energy and momentum probed by varying the amplitude of the negative bias Vs, from 20 to 280 V. Alloy film stoichiometry is independent of Vs, as determined by ERDA, due to the very low duty cycle (3%) of the synchronized bias pulses.
The time-averaged metal-ion to neutral metal flux ratios Ji/JMe, for which Ji was determined using flat probes at the substrate position during film growth, are 2.5 for Al-HIPIMS/Ti-DCMS and 5.4 for Ti-HIPIMS/Al-DCMS layers. Overall, phase composition, nanostructure, and TiAlN film properties are predominantly controlled by 〈 〉, rather than 〈 〉, during HIPIMS/DCMS film growth.
For singly-charged lower-mass Al + metal ions, with IP2 higher than IP1 of the sputtering gas, 〈 〉 is a slowly-increasing function of substrate bias (solid curve in Fig. 8(b) ) which allows access to low 〈 〉 values not accessible during growth with irradiation by heavier multiplycharged Ti 2+ metal ions, and provides the opportunity to tune momentum transfer to the growing film surface. Thus, by controlling the amplitude of the synchronous bias pulse applied during the metal-ion portion of the Al-HIPIMS pulse, cubic single-phase metastable Ti0.38Al0.62N films can be obtained with high AlN concentrations, high hardness, and essentially no residual stress. The same procedure should be applicable to other alloy systems composed of high-mass metal constituents with low IP2 values compared to IP1 of the sputtering gas (e.g., Zr, Sc, V, Y, Nb, Hf, or Ta) and low mass constituents with high IP2 values (e.g., Al or Si).
VI. Ti 1-x Al x N films grown from segmented TiAl targets by HIPIMS
In this section, we extend previous investigations to pure HIPIMS growth of metastable TiAl-HIPIMS xis significantly higher than for corresponding Al-HIPIMS/Ti-DCMS films and comparable to that of Ti-HIPIMS/Al-DCMS alloy layers (see Fig. 5(b) ).
The AlN XRD solubility limit Pure HIPIMS deposition from segmented TiAl targets yields Ti1-xAlxN films with high hardness for x ≤ 0.50; however, the films also exhibit high compressive stress. At larger AlN concentrations, both H and  decrease. The XRD kinetic solubility limit is higher than for Ti-HIPIMS/Al-DCMS alloys, but lower than for Al-HIPIMS/Ti-DCMS layers. These results provide independent evidence for the detrimental role of energetic doubly-ionized Ti 2+ ions, present during Ti-HIPIMS operation, on film nanostructure and mechanical properties.
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